Objective: To determine whether fragment removal on in vitro fertilization (IVF) day 2 improved the subsequent development and pregnancy outcomes of fragmented embryos compared to similar-grade embryos without fragment removal. Methods: This study was a retrospective analysis involving 191 IVF cycles in which all embryos had over 10% fragmentation (grade 3 or 4) on day 2 of the IVF-embryo transfer cycle from March 2015 to December 2017. IVF cycles were divided into the fragment removal group (n = 87) and the no fragment removal group (n = 104) as a control cohort. Before fragment removal, embryos with fragmentation on day 2 were incubated in Ca 2+ -and Mg
Introduction
Fragmentation of embryos is often observed during embryo culture in in vitro fertilization (IVF)-embryo transfer (ET) cycles. Embryo fragmentation is associated with a range of factors, including inadequate culture conditions, poor quality of the ovum and spermatozoon [1] , increased maternal age [2, 3] , chromosomal abnormalities [4] , abnormal cell cycle [5] , apoptosis [6] , and oxidative stress in embryos [7] . The presence of fragmentation limits the subsequent development of embryos [8] [9] [10] [11] due to the loss of cytoplasmic mitochondria, mRNA, and regulatory proteins, which are essential for cell division, as well as physical interruption of the gap junctions in blastomeres, which interferes with the cell-cell interactions required for cleavage and compaction [2, [12] [13] [14] [15] . Cellular fragmentation can induce programmed cell death or apoptosis in blastomeres [6] . These fragments have been shown to secrete harmful substances that adversely affect the surrounding healthy cells, resulting in impaired embryo development [12] , decreased implantation potential and pregnancy rate, and an increased abortion rate [2, [8] [9] [10] [11] [14] [15] [16] . Furthermore, excessive fragments may induce arrest of embryo development, apoptosis and necrosis of blastomeres, and abnormal embryo development, compaction, and blastocyst formation [6, 17] .
It has been suggested that pregnancy rates increase when highquality embryos displaying no irregular cells and no fragmentation are transferred [2] . It has also been demonstrated that heavily fragmented embryos did not implant [18] . Other investigators have reported that transferring embryos with large fragments led to significantly lower implantation and pregnancy rates than when embryos with minor fragmentation were transferred [9, 19] .
It has been theorized that removing fragments from a fragmented embryo can improve cell division and implantation by preventing the release of harmful substances and apoptosis. In fact, many authors have reported that fragment removal was beneficial for the subsequent development and implantation of fragmented embryos. It was reported that microsurgical fragment removal significantly altered the developmental process of some embryos and improved the implantation potential of fragmented embryos [3, 9] . In another study, fragment removal had a positive effect on embryo development and good-quality blastocyst development [20] , and ET after fragment removal resulted in clinical outcomes comparable to those observed when highquality embryos without fragments were transferred [3] . It has been suggested that fragment removal is an effective way to restore the spatial relationship of cell-cell contact disturbed by fragments and to prevent secondary degeneration of adjacent cells caused by debris [9] .
Previous studies have only investigated the effects of fragment removal in IVF day 3 embryos although the fragmentation of embryos first occurs on day 2. In fact, to date, no studies have focused on fragment removal on IVF day 2. The aim of this study was to determine whether fragment removal on day 2 improved the subsequent development and pregnancy outcomes of fragmented embryos compared to similar-grade embryos without fragment removal.
Methods

Study subjects
The present study was approved by the Institutional Review Board of Mamapapa and Baby Clinic (Mamapapa & Baby IRB 2015-01-2), and was conducted from March 2015 to December 2017. The present study is a retrospective analysis involving 191 IVF cycles in which all embryos had over 10% fragmentation and were grade 3, 4, or 5 on day 2 during an IVF-ET cycle at Mamapapa and Baby Clinic. Eight-seven cycles were performed in day 3 embryos that were transferred after fragment removal on day 2 (experimental group with fragment removal). In the remaining 104 cycles, fragmented embryos were transferred on day 3 transfer without prior fragment removal (control group without fragment removal). Patients' data were collected, including age, endometrial thickness, anti-Müllerian hormone (AMH) level, number of retrieved oocytes, oocyte fertilization rate, number of transferred embryos, and basal hormone levels. We also analyzed clinical outcomes, including rates of pregnancy, implantation, and spontaneous abortion.
Ovarian stimulation and oocyte aspiration
Controlled stimulation during IVF was performed with a mild stimulation protocol using a combination of a gonadotropin-releasing hormone (GnRH) antagonist and gonadotropins [21] . Patients received 150 IU of recombinant follicle-stimulating hormone (Gonal-F; Merck Serono, Rome, Italy) alone as a daily injection from cycle day 3 until the day when human chorionic gonadotropin (hCG) was administered, or with an additional combination of human menopausal gonadotropin (IVF-M; LG Lifesciences, Iksan, Korea) according to age, weight, ovarian reserve, and preresponse to controlled ovarian hyperstimulation. The GnRH antagonist (cetrorelix, 0.25 mg; Cetrotide, Merck Serono) was initiated on the day when the leading follicle reached a diameter of 14 mm. Ovarian follicular development was monitored by transvaginal ultrasonography. When two or more follicles were ≥ 18 mm in maximum diameter, as detected by sonography, 10,000 IU of hCG (Pregnyl; NV Organon, Oss, The Netherlands) was administered. Oocyte retrieval was performed using 20-gauge ovum aspiration needles (Cook Medical, Queensland, Australia) under standard transvaginal ultrasound guidance 35-36 hours after hCG administration.
Embryo culture and grade
Commercial IVF culture medium (SAGE 1-Step; Origio, Malov, Denmark) was employed in IVF and embryo culture. Fertilized oocytes were individually cultured in 15-μL drops of culture medium, at 37°C under an atmosphere of 6% CO2 and 5% O2. All embryos were evaluated according to the number and shape of blastomeres and degree of fragmentation by modifying the Veeck classification [15] . The characteristics of the morphological grades were as follows: grade 1 (GI), no fragmentation with equal-sized blastomeres; grade 2 (GII), < 10% fragmentation with equal-sized blastomeres or no fragmentation with unequal-sized blastomeres; grade 3 (GIII), 10% ≤ fragmentation < 25%; grade 4 (GIV), 25%≤ fragmentation < 50%; and grade 5 (GV), ≥ 50% fragmentation [22] . Fragment removal was performed in GIII-GV embryos with fragmentation on day 2, and the subsequent development of the embryos was evaluated the next day.
Fragment removal
Fragment removal was mainly performed in GIII embryos (10% < degree of fragmentation < 25%) on day 2 because fragment removal in GIV or GV embryos was not effective in improving their subsequent development due to the lethal extent of fragmentation. Preparation for fragment removal was performed by attaching an aspirator tube for calibrated microcapillary pipettes (A5177; Sigma-Aldrich, St. Louis, MO, USA) to a mouthpiece after attaching a micropipette with a 30-µM outer diameter to the pipette holder. We made a laser hole in the zona pellucida and used a hand-made micropipette with a mouthpiece to suction out the fragments from around and between the blastomeres without damaging the blastomeres. Before fragment removal, the fragmented embryos were incubated in Ca 2+ -and Mg
2+
-free biopsy medium (Biopsy Media, Origio) under paraffin oil (Ovoil; Vitrolife, Göteborg, Sweden) for 30 minutes. Micromanipulation was performed in prewarmed petri dishes (351006; Corning, New York, NY, USA) in 30-µL droplets consisting of biopsy medium. All micromanipulation procedures were performed on the heated stage of an inverted microscope (Nikon, Tokyo, Japan) using hydraulic manipulators (Narishige, Tokyo, Japan). After complete fragment removal, the embryos were washed with culture medium and then incubated for an additional 24 hours before embryo selection for transfer. Only one or two embryos were transferred on day 3 in order to maximize the pregnancy rate and to minimize multiple pregnancies based on the patient's age and embryo quality.
Embryo scoring for transfer
The embryos were scored at the following three time points after fertilization: two-cell cleavage (26 hours), day 2 (40-41 hours), and day 3 (64-65 hours). The total summed score of the highest-quality embryo was 12 points, if the embryo showed two-cell cleavage (+2 points), morphological grade 1 on day 2 (+5 points), and morphological grade 1 on day 3 (+5 points). The score was dependent on the morphological grade and cleavage speed of embryos. The morphological grades of embryos were used to score them from grade 1 to 5 according to the number and shape of blastomeres and degree of fragmentation: grade 1 (5 points), grade 2 (4 points), grade 3 (3 points), grade 4 (2 points), and grade 5 (1 point). In addition, when the embryos showed a slow developmental speed, 1 point was subtracted from the grade (−1). We selected the embryos that exhibited the highest total summed score for transfer [22] .
Morphological changes in embryos and clinical outcomes
Morphological changes in the embryos after fragment removal were measured by embryo grade and developmental stage. We compared patient characteristics and morphological changes in the embryos between the fragment removal group and the control cohort. We also compared the morphological changes of fragmented embryos after fragment removal and subsequent culture according to the embryo grade of the fragmented embryos. We analyzed the rates of pregnancy, implantation, and abortion after ET in the two groups.
Statistical analysis
The values in the Tables are presented as mean ±standard deviation or number (%). The Student t-test was employed to analyze differences in age, basal hormone levels, and the number of oocytes retrieved between the fragment removal cohort and the control group. Differences in clinical outcomes between the two groups were analyzed by the chisquare test, and p-values <0.05 were considered to indicate statistical significance.
Results
Patient characteristics in the control and fragment removal groups
The characteristics of the patients are summarized in Table 1 . There were no significant differences between the control and the experimental groups in the age of the patients (36.1 ± 3.8 years vs. 36.3 ± 4.1 years), endometrial thickness (9.8 ± 1.8 mm vs. 9.9 ± 2.1 mm), AMH levels (4.0 ± 3.7 ng/mL vs. 4.1 ± 3.2 ng/mL), or the number of retrieved oocytes (8.1 ± 4.5 vs. 8.9 ± 3.2). In addition, the oocyte fertilization rate (80.8%) and number of transferred embryos (2.0 ± 0.3) in the control group were not different from those in the experimental group (85.1% and 2.0 ± 0.3, respectively).
Beneficial effect of fragment removal on morphological grade and subsequent development of fragmented embryos
As shown in Figure 1 , a significant improvement in the morphological grade of fragmented embryos was observed from GIII ( Figure 1A ) to GI ( Figure 1B ) after fragment removal. Furthermore, we found that the improvement in the morphological grade was maintained until the next day, with refragmentation occurred to a limited extent ( Figure 1C ).
Developmental cell stage (number of blastomeres) and morphological grades of the embryos transferred in the fragment removal and control groups
There were no significant differences in embryo grade (3.1 ± 0.3 vs. 3.2 ± 0.4), number of blastomeres (3.8 ± 1.2 vs. 3.9 ± 1.1), or the percentage of GIII embryos (87.9% vs. 84.3%) between the control and experimental groups before fragment removal (Table 2) . Although the number of blastomeres was not significantly different between the control (6.9 ± 1.6) and experimental groups (7.1 ± 1.7), the mean Values are presented as mean ± standard deviation or number (%). FR, fragment removal; GI-GV, grade 1-grade 5.
a)
The p-values < 0.05 were considered to indicate statistical significance.
embryo morphological grade of the experimental group (1.9 ± 0.7) had significantly improved in comparison to the control group (3.1 ± 0.5 p < 0.001) after fragment removal on day 3. In particular, the proportions of high-quality embryos (GI, 28.1%; GII, 50%) in the experimental group were significantly higher than those in the control group (GI, 0%; GII, 5.3%) on day 3. The proportion of GIII embryos (21.3%) on day 3 in the experimental group was significantly lower than that in the control group (81.2%), which means that at least some of the fragment-removed embryos regenerated new fragments, despite complete fragment removal.
Regeneration of fragments in the fragment-removed embryos
We compared the regeneration of fragments in the fragment-removed embryos after fragment removal and 24 hours of in vitro culture according to the grade of the fragmented embryos (Table 3) . Of the 150 GIII embryos, only 27 (18.0%) regenerated fragments and were classified as GIII on day 3. In contrast, 11 of the 27 GIV embryos (40.7%) developed into GIII and GIV embryos, with new fragmentation.
Clinical outcomes in the fragment removal and control groups
As shown in Table 4 , the rates of clinical pregnancy (43.7%), ongoing pregnancy (36.8%), and implantation (25.8%) in the experimental group were significantly higher than the corresponding rates in the control group (28.8%, 22.1%, and 14.0%, respectively, p < 0.05). However, there was no significant difference in the abortion rate between the two groups (p= 0.635).
Discussion
Embryo fragments have been reported to cause apoptosis or necrosis in blastomeres and to adversely affect the development of surrounding blastomeres by secreting harmful substances such as reactive oxygen species [6, 9, 12, 17, 20, 23] . Embryo fragments first appear during the initial cleavage process of zygotes on day 2 in vitro, and the proportion of fragments gradually increases during subsequent in vitro culture. Severe fragmentation adversely affects normal blastomere development and results in low-grade embryos [12] and even arrest of embryo development [2, 9, [14] [15] [16] 24] .
In the present study, to confirm the detrimental effects of embryo fragments in IVF, fragment removal was performed on day 2, when fragments began to appear, and embryo development on the next day was observed (Table 2, Figure 1 ). As discussed above, we observed that fragment removal had a beneficial effect, as shown by the improvement in the morphological grade immediately after fragment removal on day 2 ( Figure 1 ). This improvement in the morphological grade is consistent with the results of other researchers who studied fragment removal on day 3 [3, 9, 20] . We also found that a high proportion of the fragment-removed GIII embryos (82.0%) did not exhibit any new fragments (Table 3) . However, a high percentage of GIV-V embryos (40.7%) showed new fragmentation after fragment removal and subsequent in vitro culture. This result is similar to that reported by other authors who performed fragment removal in day 3 embryos and observed a sustained reduction in fragmentation until day 5 [24] . In the present study, fragment removal significantly improved the morphological grade of the embryos in the fragment removal group (grade, 1.9 ± 0.7) on day 3, in comparison to the control group (grade, 3.1 ± 0.5). In addition, the proportion of GI and GII embryos in the fragment removal group (78.1%) was significantly higher than in the control group (5.3%).
It is generally accepted that GI and GII embryos have a higher implantation potential than GIII and GIV embryos. In fact, almost all embryos with fragments had a low grade and a reduced implantation potential [8] [9] [10] [11] 18, 19, 25] , and the removal of fragments has been found to improve not only embryo development, but also pregnancy outcomes [2, 3, 9, 20, 26] . Moreover, transfer after fragment removal in lower-grade embryos resulted in implantation and livebirth rates comparable to those observed when GI embryos were transferred [3] . This indicates that fragment removal may ultimately Values are presented as number (%). FR, fragment removal.
The p-values < 0.05 were considered to indicate statistical significance. Results are significantly different (p< 0.05).
improve the implantation rate of the fragment-removed embryos by improving their grade [2, [13] [14] [15] . In the present study, we also observed beneficial effects of fragment removal on clinical outcomes (Table 3) . The rates of clinical pregnancy (43.7%), ongoing pregnancy (36.8%), and implantation (25.8%) in the fragment removal group were significantly higher than in the control group (28.8%, 22.1%, and 14.0%, respectively; p < 0.05). These results suggest that fragment removal is helpful in the normal development of the remaining blastomeres by eliminating the detrimental effects of fragments [18] . In addition, there was no significant difference in the spontaneous abortion rate (6.7% vs. 6.9%, p= 0.635) between the two groups. This result indicates that although fragment removal can rescue an embryo with fragmentation caused by a cell cleavage disorder or transient environmental influences, it may be impossible to completely rescue fragmented embryos induced by genetic defects. Therefore, although fragment removal improved the morphological grade and implantation ability of fragmented embryos with genetic defects, it could not ensure the maintenance of ongoing pregnancies. In the present study (Table 3) , fragment removal was mainly performed on day 2 in GIII embryos (10% < degree of fragmentation < 25%) at the 2-4 cell stage, because fragment removal was not effective for highly fragmented embryos (GIV and GV). Excessive fragmentation of embryos induces lethal cell loss in the embryo, which is nearly impossible to rescue by fragment removal. Some authors have reported that fragment removal did not have a beneficial effect on assisted reproductive technology outcomes [27] . This contrasting result could be attributed to differences in the grade of the embryos subjected to fragment removal. Unlike the present study, previous studies performed fragment removal in embryos with 10%-50% fragmentation [27] . In contrast, in the present study, some of the GIV embryos were successfully implanted after fragment removal and transfer although the frequency of implantation was lower than that of the GIII embryos (data not shown). Therefore, we recommend transferring GIV embryos after fragment removal instead of transferring them without fragment removal if there is no other choice but to transfer GIV embryos.
Additionally, we confirmed that fragment removal on day 2 was more efficient than on day 3. In our previous study [28] , we reported the rates of pregnancy (31.3%), implantation (12.3%), and ongoing pregnancy (28.1%) after the transfer of embryos that underwent fragment removal on day 3. In the present study, the corresponding rates for the embryos that underwent fragment removal on day 2 were 43.7%, 25.8%, and 36.8%, respectively. Although those differences were not statistically significant, fragment removal on day 2 showed more favorable results than day 3 fragment removal in IVF-ET cycles. This result may be due to the following advantages that contribute to the greater safety of day 2 fragment removal compared to day 3 fragment removal. First, day 2 embryos are larger and have fewer blastomeres and wide intercellular spaces. These features can reduce the time needed to remove the fragments and the exposure time outside the incubator, which may otherwise damage the embryos. Second, day 2 fragment removal eliminates the harmful substances generated by fragments as soon as possible, thereby promoting the development of normal blastomeres. Third, the cytoplasmic membrane of day 2 embryos seems to be more elastic and durable against micromanipulation for fragment removal than that of day 3 embryos. Since embryo culture medium cannot adequately supply the major constituents of cell membrane lipid proteins, the cell membranes of embryos gradually lose elasticity and become fragile as cell division continues in in vitro culture. Therefore, early fragment removal on day 2 poses less risk of mechanical damage to embryos than fragment removal on day 3. Lastly, the continuation of in vitro culture for 24 hours after fragment removal on day 2 makes it more reasonable to select and transfer the embryos that show a higher grade and developmental capacity, without fragment reoccurrence, than is the case when embryos are directly transferred immediately after fragment removal on day 3.
In conclusion, we suggest that early fragment removal on day 2, as soon as fragments appear, is the best alternative to improve clinical outcomes in IVF patients especially those in whom pregnancy has previously failed due to the transfer of fragmented embryos.
